Protists, the most diverse eukaryotes, are largely considered to be free-living bacterivores, but vast numbers of taxa are known to parasitize plants or animals. High-throughput sequencing (HTS) approaches now commonly replace cultivation-based approaches in studying soil protists, but insights into common biases associated to this method are limited to aquatic taxa and samples.
Introduction
Soils are among the most complex habitats on earth. Consequently, soils host a huge diversity of functionally different organisms that in turn play pivotal roles in soil functioning. Protists are by far the most diverse and (together with fungi) the most abundant soil eukaryotes (Ekelund & Rønn 1994; Finlay et al. 2000; Foissner 1987) . Traditionally, protists have been termed protozoa and included as part of metazoa in ecological studies (Foissner 1999a (Foissner , b, 2008 . However, their extreme diversity is illustrated by thousands of protist taxa spreading paraphyletically over the entire eukaryotic tree of life (Adl et al. 2005; Adl et al. 2012; Cavalier-Smith 2003) . Protists hold a key functional position in soil food webs as the major grazers of bacteria due to short turnover-rates and high abundances of up to 100,000 individuals per gram of soil (Clarholm 1981; Darbyshire 1994; Ekelund & Rønn 1994; Geisen et al. 2014a) .
Despite their functional importance in soils, protists are arguably the least studied group of soil organisms due to several obstacles in studying them (Caron et al. 2008; Foissner 1999b) . Especially the smaller, more abundant and often transparent flagellates and naked amoebae remain masked by soil particles, while only few groups with larger cells, and more or less constant, distinctive morphological characters that are readily observable, such as shown by ciliates and testate amoebae can directly be observed in suspended soils (Foissner 1999b) . Therefore, cultivation-based approaches (e.g. Darbyshire 1974 , Geisen et al. 2014a are still indispensable to estimate the abundance and diversity of the numerically dominant protists. Due to profound differences in cultivability, these techniques strongly underestimate the true diversity of soil protists (Caron et al. 1989; Ekelund & Rønn 1994; Pawlowski et al. 2014) . Furthermore, morphological identification of protist taxa is extremely time-consuming and correct identification, especially of flagellates and naked amoebae, remains an expert task (Foissner 1999b; Smirnov et al. 2008) .
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Molecular techniques gave hope to circumvent most of these obstacles (Caron et al. 2008) . Highthroughput sequencing (HTS) approaches have largely replaced morphological methods and become the gold standard to study protist community structures (Adl et al. 2014; Bik et al. 2012; Stoeck et al. 2014) . Most common HTS approaches apply a metabarcoding strategy to investigate protists, using specific primers that target highly variable barcoding regions in order to disentangle multiple taxa in a single DNA extract. For most protist groups, the most commonly targeted DNA region is the 18S rDNA as (i) it contains both highly conserved regions that help primer annealing and variable regions that allow detailed taxonomic classification; (ii) it amplifies easily due to high DNA copy-numbers, and (iii) it covers most of the protist diversity in existing online databases, and therefore enables accurate sequence annotations to described species (Guillou et al. 2013; Pawlowski et al. 2012; Yilmaz et al. 2013) .
Unfortunately, it is impossible to design specific primers exclusively targeting protists, since protists are taxonomically intermingled with plants, fungi and animals. Accordingly, two different approaches have been applied: most studies employed "general" eukaryotic primers aiming at targeting the majority of protists, especially in aquatic environments (Amaral-Zettler et al. 2009; Fonseca et al. 2014; Zhan et al. 2013) . Due to the high load of co-targeted fungi and metazoa (Baldwin et al. 2013; Bates et al. 2013; Lentendu et al. 2014) , this approach only recently became feasible for application on soils, thanks to the increase of sequence output from HTS. Alternatively, primers targeting specific protist groups (e.g. ciliates or Cercozoa) largely avoid the amplification of non-target organisms and allow higher sequencing depths and taxonomic resolution of targeted clades (Lentendu et al. 2014; Stoeck et al. 2010) .
Some key problems remain in protist studies: (i) no commonly accepted species concept is applicable for protists (Boenigk et al. 2012; Coleman 2002; Schlegel & Meisterfeld 2003) ; (ii) existing databases suffer from wrongly annotated sequences, and the published protist sequences provide, at best, a fragmentary overview of the expected protist diversity (Guillou et al. 2013; Taib et al. 2013) ; (iii most
HTS studies, especially metabarcoding approaches, suffer from a wide variety of PCR induced biases such as selectively over-or under-amplification of specific target groups due to unavoidable primerselectivity and lengths differences in the targeted amplification region, by the formation of chimeras in the amplification step and even the type of polymerase and numbers of PCR cycles impact the outcome (Adl et al. 2014; Ahn et al. 2012; Behnke et al. 2011; Berney et al. 2004; Jeon et al. 2008; Stoeck et al. 2006; von Wintzingerode et al. 1997) ; (iv) the stringent filtering and clustering steps needed in HTS studies to remove high-loads of false positive sequences introduced in the sequencing step also eliminate a substantial part of the true diversity in the investigated samples, which is especially a problem at lower sequencing depths such as in studies applying 454 pyrosequencing (Behnke et al. 2011; Kunin et al. 2010; Quince et al. 2011) .
Nevertheless, HTS metabarcoding approaches provide unprecedented possibilities to study soil protists as they allow deciphering the hidden diversity of often uncultivable taxa (Epstein & López-García 2008) . HTS studies have revealed the presence of high numbers of protist clades such as Apicomplexa that have never been cultivated and are known to be obligatory parasites, both in aquatic systems (Leander et al. 2006; Stoeck et al. 2007 ) and more recently soils (Bates et al. 2013; Geisen et al. 2015; Ramirez et al. 2014) . From morphological studies it is known that diverse parasitic protist clades commonly infect soil metazoa and could therefore be the source of the parasites found in HTS studies. Among them are gregarine apicomplexans that infect earthworms (Edwards & Bohlen 1996) , microsporidia parasitize collembola and nematodes (Rusek 1998; Troemel et al. 2008) , whereas oomycetes act as plant pathogens (Altizer et al. 2003; Latijnhouwers et al. 2003) . Therefore, major efforts are still needed to identify whether parasites can actually contribute to the community of "free-living" soil protists to eventually being able to disentangle truly free-living from potentially parasitic endosymbionts taxa.
In a HTS metabarcoding approach, using a variety of mock communities of diverse, but wellcharacterized soil protists and soil metazoa, we investigated the biases introduced by differential PCR amplification between added taxa. Further we hypothesized that metazoan-associated protists
would be recovered resulting in an increased diversity and change of the expected protist community composition.
Materials and Methods

Mock community creation
Protist cultures established in previous cultivation efforts (Geisen et al. 2014a; Geisen et al. 2014b; Geisen et al. 2014d) were stored in 50 ml cultivation flasks (Sarstedt, Germany) containing 0.15 % wheat grass (WG) medium (Geisen et al. 2014d ) at 15 °C, and used to establish a mixed protist community. We chose a diverse range of very common soil protists covering a wide phylogenetic diversity of eight orders in seven classes ( Monoclonal protist cultures were individually enumerated using a Neubauer improved counting chamber (Roth, Germany) under an inverted Nikon Diaphot phase contrast microscope (Nikon, Japan) at 400x magnification. We decided not to add equal amounts of the respective protist taxa but a community more closely resembling those found in soil environments (Domonell et al. 2013; Geisen et al. 2014a ). Therefore we added 200,000 protists in a 2 ml volume of culture medium composed of 1.0 % ciliates, 38.5 % flagellates and 60.5 % amoebae (Table 1) .
Genomic DNA was then isolated directly from this protist mixture using the guanidine isothiocyanate protocol (Maniatis et al. 1982) with slight modifications; briefly, supernatant of WG medium was carefully discarded after centrifugation at 15,000 g for 90 s. The pellet containing all solid material largely composed of protist cell remnants was washed twice with sterile WG medium, which was subsequently replaced by 100 µl guanidine isothiocyanate. Subsequent steps were performed according to the cited protocol (Maniatis et al. 1982) .
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The resulting purified protist DNA was mixed with DNA extracted from five different groups of soil metazoa: microarthropods, enchytraeids, earthworms, and nematodes. Mixed-species communities of microarthropods, enchytraeids and nematodes were extracted in spring 2011, by means of Tullgren and wet funnel extractions, from soil samples taken at a permanent agricultural field near Lusignan (ACBB Lusignan long-term observatory, France). Earthworm specimens came from these same samples, as well as from soil samples taken in spring 2011 in three permanent grasslands near Ede, the Netherlands. Nematodes, enchytraeids and earthworms were washed and left to defecate in tap water. Microarthropods were washed in 96% ethanol. All specimens were then stored in 96% ethanol prior to DNA extraction, which was performed using commercial kits (DNAeasy Blood&Tissue Kit (Qiagen) for microarthropds and earthworms; PureLink DNA Mini Kit (Life Technologies) for nematodes; REALPURE Microspin Kit (Real) for enchytraeids) following the distributor's protocols.
DNA of these metazoan groups was mixed with protist DNA in three different mock communities (MC; pools 1-3) containing different relative abundances of the respective groups; pool 1 contained an equal mix of all groups (i.e. 16.7 % protist), pool 2 an enrichment of earthworm DNA (72 % earthworm and 5 % protist DNA) and pool 3 dominated by nematodes and enchytraeids, with protist DNA representing 16 % of total DNA added. Exact relative abundances per group per MC are shown in Fig. S1 . Metazoan DNA in changing ratios were added to increase complexity and to identify how non-protist DNA that is commonly co-extracted and co-amplified from soils affects amplification success for known protist taxa and to get an idea of how unattended extraction of high amounts of DNA from e.g. earthworms and the simultaneous reduction sequences assigned to protists can distort the protist community composition (Lentendu et al. 2014) .
DNA amplification and sequencing
The mixed DNA was subject to HTS metabarcoding using a so-called general eukaryotic primer set to investigate to which degree individual protist species can be recovered and whether relative sequence abundances matched the true abundance of taxa added. For that, the 5' end of the SSU
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rDNA was amplified using forward (Fw) primer EUK20f (5'-TGC CAG TAG TCA TAT GCT TGT -3') with the reverse (Rev) primer EUK302r+3 (5' -ACC AGA CTT GYC CTC CAA T -3'), both modified from Euringer & Lueders (2008) , to target a 500-700 bp long region of the 18S rDNA. This part of the 18S rDNA contains the highly variable regions V1-V3, enabling high taxonomic discrimination between taxa (Hugerth et al. 2014) .
Three different 5-bp long multiplex identifiers (MID) were added to the forward and reverse primer sequences (ATCTC, ATCGC, and TACTC respectively for pools 1-3) to allow demultiplexing resulting reads after sequencing. Polymerase chain reactions (PCRs) were performed in a final volume of 25 µl, containing 12.5 µl of Supreme NZYTaq Green PCR Master Mix (NZY Tech, Lisbon, Portugal), 1.25 µl of each primer (10 µM), 2.5 µl of template DNA, and 7.25 µl of ddH 2 O.
The following PCR conditions were applied: initial denaturation at 95 °C for 5 min was followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 48 °C for 60 s and elongation at 72 °C for 2 min with a final extension for 5 min at 72 °C. PCR products were purified using the PCRExtract Mini kit (5 Prime GmbH, Hilden, Germany), quantified using Qubit (Life Technologies) and then pooled in equal concentrations. Library preparation and Roche GS FLX 454 pyrosequencing was performed by Genoscreen (Lille, France) following the manufacturers' guidelines. A total of 57832 sequence reads were generated on 1/16 of a FLX titanium gasket.
Bioinformatic analyses
The metabarcoding pipeline Usearch v7.0.1001 was used for the bioinformatic analyses. Raw sff output from the sequencer was converted to fasta data and phred-like quality values, and subsequently combined into one fastq file using the Python script faqual2fastq. The resulting reads were sorted to samples by their primer sequence and labelled with their multiplex identifier (MID) using the fastq_strip_barcode_relabel2 Python script, removing both sequences from the reads in the process. A stringency of 2 mismatching bases for the primer and no mismatching bases in the MID was used. Since sequencing was done both with the forward and the reverse primers, sorting
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and labelling was done both for the forward and the reverse primer, resulting in two files that were processed simultaneously for the steps below.
Using the fastq_filter command, reads were cut to different lengths (450, 400, 350, 300 and 250 bp) to evaluate potentially better taxon assignment at longer read lengths with reduced sequence numbers due to increasing sequence errors with extending sequence length. Reads of low quality (maximum expected error of 0.5) at the individual read-cut-offs were discarded and longer reads truncated to the cut-off size. After testing with several fragment lengths (see results) we continued with a threshold size of 250 bases.
Reads were made unique and labelled with the quantity they occurred in using the derep_fulllength command, singletons were removed and the remaining unique sequences sorted according to their quantity using the sortbysize command. From these abundance-sorted sequences, Operational Taxonomic Units (OTUs) were generated using the cluster_otus command with a 97 % similarity threshold. Subsequently, all trimmed sequences (including singletons) were mapped against this set of OTUs using the usearch_global command with a 97 % identity threshold. Matrices containing read abundance per OTU per MID were generated using the uc2otutab Python script.
OTUs were pre-assigned to a rough taxonomic classification taking the top hit of a Basic Local Alignment Search Tool (BLAST; algorithm v 2.2.23; Altschul et al. 1990 ) search against the NCBI database using an e-value cut-off of 1e -5 , an identity cut-off of 90 %, and a coverage cut-off of 80 % of the query sequence covered in the alignments. NCBI annotations rather than the indisputably more quality controlled SILVA (Yilmaz et al. 2013) or PR2 databases (Guillou et al. 2013) were used, as the NCBI database is by far largest. All assigned eukaryotic 18S rDNA sequences were then manually verified by BLASTn searches against the NCBI GenBank nt database for correct taxonomic assignments. For that, the best 50 hits were analysed and OTUs conservatively classified if resulting hits showed consistent taxonomic patterns. Correct assignments were further performed using alignment-based phylogenetic analyses of different eukaryotic supergroups, detailed below.
The sequence data generated in this study has been submitted to the ENA databases under accession number PRJEB9172.
Alignments and phylogenetic analyses
As we obtained higher and more diverse OTU numbers than we included in the original protist DNA pools (Table 1) we added sequences of the 5 -10 best BLASTn hits that were non-identical to each other, including at least one formally described species. We manually aligned those sequences in separate alignments for individual supergroups in Seaview 4 (Gouy et al. 2010 ). The quality of sequences obtained was again controlled for potentially missed chimeras by visual screening of the alignment in search for contradictory sequence signatures (as described in Berney et al. (2004) ) but none were found.
We performed maximum likelihood phylogenetic analyses on all protist supergroups to identify the GTR+γ+I model of evolution and 8 categories (Ronquist & Huelsenbeck 2003) . Two runs of four simultaneous Markov chains were performed for 2,000,000 generations (with the default heating parameters) and sampled every 100 generations; convergence (average deviation of split frequencies < 0.01 of the two runs) was reached after 550,000 generations. The remaining 14,500 trees were used to build a consensus tree.
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Results
Overview of sequence reads obtained
In total, 29,266 high-quality sequences were obtained applying a stringent cut-off after 250 bp. Read quality dropped sharply with increasing sequence lengths; 22,413 / 5,295 / 1,353 and 209 sequences remained when cut after 300 / 350 / 400 and 450 bp, respectively. Among those, almost twofold reverse reads than forward reads were obtained (Fig. S2) . This difference increased towards the higher cut-off lengths, with reverse reads outnumbering forward reads by 2.7×, 4.6× and 9.8× at sequence cut-offs lengths of 300, 350 and 400 bp, respectively. Sequencing depth differed between pools and was highest in pool 1 (Fw: 4406, Rev: 9215) and pool 2 (Fw: 4414, Rev: 9257) and lowest in pool 3 (Fw: 725, Rev: 1569).
Taxonomic resolution depended on the read lengths, with longer reads enabling higher taxonomic classification (data not shown). However, since deep-taxonomic classification was not the aim of this study, we focused on the more abundant reads (applying a cut-off at 250 bp).
OTU analyses of added protist taxa
All protists were recovered in the sequence data except for the heterolobosean amoeba Allovahlkampfia sp. Among the added Amoebozoa, Saccamoeba sp., Vannella sp. and Flamella sp.
were recovered in all pools from both sequencing directions, while Acanthamoeba castellanii was only retrieved from RevOTUs. Both flagellate taxa Cercomonas plasmodialis and Neobodo designis as well as the ciliate Colpoda steinii were recovered in all pools from both sequencing directions.
Relative sequence abundance of individual taxa differed strongly from expected relative abundances based on the added DNA (Fig. 1) . Especially C. steinii, Flamella sp. and Saccamoeba sp. were
Accepted Article
overrepresented by factors of 13.1, 6.3 and 2.2, respectively. In contrast, Vannella sp. (23 % reduction) and A. castellanii (54 % reduction) were underrepresented, the latter being entirely absent in FwOTUs. The two flagellates, C. plasmodialis (58 % reduction) and N. designis (93 % reduction), were also highly underrepresented.
Differences between mock communities
The addition of soil metazoan DNA influenced the efficiency of protist sequence recovery. Clear differences in both the abundance and composition of protist sequences were found between the three mock communities (Fig. S3 ). Only 8.5 % of all forward sequences and 6.7 % of all reverse sequences resembled protists in pool 1, containing 16.7 % of protist-specific DNA. Similarly, pool 3 yielded lower protist sequences as expected from the DNA content in the mix (16.0 %) with 6.3 % and 5.4 % of all sequences obtained from forward and reverse primers (FwOTUs and RevOTUs, respectively). Interestingly, protist-specific relative sequence abundance in pool 2 was higher than expected from the DNA added (5 %) with 9.4 % and 6.1 % of all sequences assigned into FwOTUs and RevOTUs, respectively (Fig. S3 ).
Protist community structures changed in line with the differences observed in the mock communities. At a higher taxonomic level, only Ciliophora increased in pool 1 and pool 3, while Amoebozoa, Heterolobosea, Euglenozoa, and Rhizaria were lower than expected (Fig. S3) . Similarly, Heterolobosea and Euglenozoa were underrepresented in pool 2, but the relative abundance of Amoebozoa and Rhizaria was as expected (Fig. S3 ).
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All protist clades recovered contained a range of taxonomically diverse taxa (Fig. 2) . Amoebozoan sequences could be assigned into 5 distinct FwOTUs and 13 RevOTUs, while only 4 amoebozoan taxa were added in the original pool (Fig. 2, Table 1 ). A targeted phylogenetic analyses of retrieved and published amoebozoan sequences showed that the OTUs branched in diverse lineages across the supergroup Amoebozoa (Fig. 3) . In addition to the expected four OTUs, six placed in four different genera inside the class Tubulinea, one with so-far uncultivated taxa in the class Discosea and three resembled taxa of the class Variosea.
Instead of detecting one OTU in each of the following clades, we retrieved a total of 11 different rhizarian FwOTUs and 8 RevOTUs, as well as 15 ciliate FwOTUs and 13 RevOTUs (Fig. 2) . The short sequencing length prevented high-resolution taxonomic assignment in these groups. Two different euglenozoan OTUs were recovered, both resembling Neobodo designis, but with nucleotide composition differing by 8.9 % and resembling distinct published sequences of different cultures of N. designis. While Allovahlkampfia sp. was not found, a sequence perfectly matching the heterolobosean Vahlkampfia inornata was recovered. In addition to these added protist clades, other groups were found, among them non-ciliate Alveolates (Apicomplexa and Colpodella), stramenopiles and chlorophytes (Fig. 2, Fig. S3 ).
As expected, the majority of OTUs and sequences were assigned as metazoa, but also sequences of fungi and plants were retrieved (Table S1) . A summary of all OTUs obtained from Fw and Rev sequencing direction are shown in Table S2 (Fw) and S3 (Rev).
Potential parasitic taxa
Manual BLASTn searches, conducted to get a better understanding of potential functions, revealed 20 OTUs that most closely resembled potential parasites of taxonomically diverse organisms, including protists (Apicomplexa, Cercozoa, Ciliophora and oomycete Stramenopiles), fungi, and insects (Table 2) . Pool 2, enriched in earthworms, hosted the highest relative amount of parasites followed by pool 1 and pool 3 (2.0 %, 1.7 % and 1.3 % of all sequences, respectively). A relationship between earthworms and parasites was further supported by a clear correlation between relative sequence abundances of earthworms and all potential parasites (Fig. 4) . In terms of relative abundance, fungi dominated, followed by apicomplexans and ciliates.
Protist OTUs assigned as potential parasites often most closely resembled uncultivated species from environmental surveys (Lesaulnier et al. 2008) or from studies targeting animal parasites (Clopton
2009; Valles & Pereira 2003). Four protist OTUs among the supergroup Stramenopiles closely
resembled the apicomplexan genera Gregarina and Cryptosporidium (Table 2) . Also 4 OTUs of potential ciliate parasites were identified (Table 2) . One OTU resembled the predominantly plant pathogenic oomycete genus Phytophthora.
Discussion
Studies applying HTS DNA metabarcoding to describe soil protist communities are rapidly increasing due to plunging sequencing costs. More detailed knowledge on biases of differential amplification and the relative contribution of potential protist parasites accompanying soil metazoa is urgently needed to fully understand the community structure and eventually functions of soil protists.
Sequencing biases change the real community structure of soil protists
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Only few studies on aquatic ciliates have combined morphological and DNA metabarcoding approaches on protists (Bachy et al. 2013; Medinger et al. 2010; Stoeck et al. 2014) . Similarly, attempts to evaluate differences between expected and observed protist communities by sequencing an artificially assembled protist community with known compositions have only been conducted for specific aquatic protist clades, such as diatoms and foraminifera (Kermarrec et al. 2013; Weber & Pawlowski 2013) . All these studies concordantly revealed that morphological quantification and relative sequence abundance of protists differ profoundly mainly due to PCRinduced biases, even within closely related aquatic protist taxa.
Our data clearly support these results, and show that they also apply to studies on protists in soils.
Primer-based HTS introduces several biases and therefore cannot be considered to reflect a quantitative estimate of soil protist communities. For example, mismatches in the primer region are known to reduce PCR amplification and might be the reason for the absence of Allovahlkampfia sp.
and the decrease of C. plasmodialis especially in FwOTUs due to the mismatches in the Fw primer.
However, the fact that both primers fully matched the sequence of A. castellanii and this taxon was absent in RevOTUs demonstrates that even highly abundant protist taxa may not be retrieved, despite exact primer matching of sequences of targeted taxa. The length of the targeted barcoding region also affects amplification success, providing an explanation for the reduction of Allovahlkampfia sp., A. castellanii, and Neobodo designis that share the longest amplicon region of organisms among the mock community in this study. Enhanced amplification due to short 18S rDNA sequences explains the overrepresentation of ciliates in this and environmental HTS studies (Baldwin et al. 2013; Bates et al. 2013) . Amplification rates are also increased by the presence of multiple nuclei and high genomic 18S rDNA copies (Prokopowich et al. 2003) , both the case for ciliates (Gong et al. 2013; Medinger et al. 2010) and Flamella sp. (Kudryavtsev et al. 2009) .
These data clearly demonstrate the dependency of PCR-amplification rates on the specific "architecture" of the 18S rDNA of individual protist taxa and provides experimental evidence that
many amoebae and flagellates are underrepresented or completely absent in DNA based HTS studies due to negative discrimination during PCR amplification (Berney et al. 2004; Epstein & López-García 2008) . Primer-free metatranscriptomic approaches will, with future ongoing decreases in sequencing costs, likely replace these metabarcoding approaches, which have recently been shown to more realistically depict soil protist communities (Geisen et al. 2015; Urich et al. 2008) Some additional general methodological problems were uncovered in this study. Interestingly, amplification products obtained from the reverse primer doubled the sequences of the forward primer (Fig. S2 ). While differences in amplification success between various primer pairs have been documented (Jeon et al. 2008; Stoeck et al. 2006 ), we are not aware of studies showing differences between sequencing direction within the same primer pair. We suspect these differences to occur in the final sequencing step of the HTS, because previous steps such as successful PCR depend on an equal amplification of the entire amplicon. A superior amplification of Rev primer-targets due to more suitable sequencing conditions and wider specificity range to target PCR products might explain the observed differences between forward and reverse sequencing products. Further, automated OTU assignment methods that are routinely adopted in HTS studies are problematic and would have resulted in major differences in taxon assignments in this study due to errors and gaps in available databases (Guillou et al. 2013; Taib et al. 2013) . Only evaluation of each OTU individually allowed us to reliably assign OTUs to taxonomy. Thus, profound taxonomic knowledge is required for detailed analyses of protist sequencing studies (Cristescu 2014; Kvist 2013) . However, the tedious approach taken here is not feasible for increased sequencing output underpinning the importance of cultivation-based approaches to fill gaps in reference databases. So-called ultrahigh sequencing platforms such as Illumina's MiSeq and HiSeq already provide orders of magnitude more sequences at similar or even lower costs than the outrunning 454 HTS technique (Caporaso et al. 2012) . Further developments in increases of sequence lengths and error-reductions will eventually allow higher taxonomic resolutions and with the highly increased sequence output allow simultaneous deepinvestigations of high sample numbers. This promising outlook will, without doubts, stimulate
research on (parasitic) protists in various habitats and hosts (Bik et al. 2012 ) eventually leading to entirely novel insights in this little studied field.
As we have not aimed at identifying and deciphering individual closely related species, we applied a highly stringed sequence cut-off at 250 bp to avoid increasing sequence error rates (Quince et al. 2011 ) and an OTU clustering of 97 %. These short sequences and conservative OTU clustering, however, undoubtedly lumped together different protist taxa as some even share almost full identity of 18S rDNA sequences (Boenigk et al. 2012; Geisen et al. 2014c ). In line with general practice, we excluded singletons to reduce errors, which likely resulted in filtering out more true protist taxa (Zhan et al. 2013) , suggesting that we most likely identified only a subset of the protist diversity hidden in our mixed DNA pools. Our primers targeted the first part of the 18S rDNA including the highly variable V2 region (Hadziavdic et al. 2014) , that has often been used in molecular studies targeting protists in soils (Euringer & Lueders 2008; Lesaulnier et al. 2008) . The V4 as the recommended barcoding region for protists might have provided higher taxonomic resolution (Pawlowski et al. 2012 ), but we did not aim at high taxonomic resolution as we included taxonomically distinct protist taxa.
A wide range of non-added, often potentially parasitic taxa associated with soil metazoa
We are the first to use a HTS metabarcoding approach to directly reveal the presence of potentially parasitic, diverse eukaryotic protists associated with soil metazoa. The suitability of HTS metabarcoding targeting eukaryotic endoparasites has successfully been proven in ticks, where specific primers for the apicomplexan parasites Babesia and Theileria were applied (Bonnet et al. 2014) . Earthworm-associated bacteria have recently been targeted, revealing some earthwormspecific groups such as symbiontic Verminephrobacter sp. and parasitic Serratia sp. (Pass et al. in press).
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The increased number of protist sequences obtained from the earthworm enriched pool 2 compared with pool 1 and pool 3 (Fig. 4) and the resulting close correlation of earthworm and sequences of potential parasites indicates that earthworms are major reservoirs for protist taxa. Most of the diversity and abundance of parasitic protists, found in both aquatic (Moreira & López-Garcı́a 2003; Stoeck et al. 2007 ) and soil surveys (Bates et al. 2013; Ramirez et al. 2014) , might therefore have originated from metazoan endosymbionts. This is of special importance when DNA extraction contains parts of an earthworm that will then strongly influence the taxonomic composition of "soil" protist communities. This scenario is not unlikely, as metazoan sequences, especially from earthworms, are common and abundant in HTS when general eukaryotic primers are used (Baldwin et al. 2013; Lentendu et al. 2014) . Additional protist taxa were likely added by other metazoa, as protist communities differed between pools. Many of these protists most likely represent obligatory parasitic taxa in Apicomplexa, Cercozoa, Ciliophora and oomycete Stramenopiles, but also potentially parasitic fungi and animals were identified (Table 2) . A range of parasites such as gregarine protists, nematodes and mites are known to infect earthworms (Edwards & Bohlen 1996) , while microsporidian pathogens infect collembola (Rusek 1998 ) and nematodes (Troemel et al. 2008) .
Despite the fact that a range of protist parasites, such as species of the genera Cryptosporidium and Giardia, also found in this study, are hazardous both to a range of animals and humans (Salyer et al. 2012; Savioli et al. 2006) , the identity and diversity of most of these organisms remains unknown.
Even the protist diversity in the supposedly well-studied human intestine just starts to be disentangled (Parfrey et al. 2014) . Taken into account that parasites can have profound impacts on host behaviour and fitness (Lefèvre et al. 2012) with the potential to control host communities (Moreira & López-Garcı́a 2003) and change food web structures (Cirtwill & Stouffer 2015) , the ecological significance of parasites of soil metazoa needs more attention.
It has to be mentioned that sequence data cannot provide ultimate proof about functions of individual taxa, and taxa identified as potential parasites might have positive or negative effects on the potential host. Within this study we are confident that the taxa identified as potential parasites are parasitic or at least directly associated to metazoan hosts due to the controlled setup. Commonly performed environmental surveys using HTS, however, only provide an overview of OTUs present in a sample without revealing their microhabitats and detailed combinations of cultivation based with functional studies are needed to determine the true identity and functions of these OTUs (Geisen et al. 2015) .
In addition, other non-added protists were recovered that most closely resembled non-parasitic taxa in the distinct eukaryotic supergroups Amoebozoa, Archaeplastida, Excavata and SAR. We suspect them to represent either (facultative) parasites or amphizoic organisms colonizing soil organisms.
Among them were colpodellids, the closest relatives to parasitic apicomplexans, which are suggested to be free-living predators of other protists (Leander & Keeling 2003; Simpson & Patterson 1996) .
Recently, however, potentially parasitic colpodellids were documented (Yuan et al. 2012) , but it remains unclear if the colpodellids found here were parasites or amphizoic organisms that infected metazoan or protist cells. Potentially amphizoic protists have been shown parasitizing fish (Dyková et al. 2010; Dyková et al. 1998; Dyková et al. 1999 ) and human (Martinez & Visvesvara 1997; Schuster 2002; Visvesvara et al. 2007 ), but have also been retrieved from earthworm guts (Dixon 1975; Edwards & Bohlen 1996; Satchell 1983) . As earthworm DNA was isolated after defecation and storage in water from parts of the skin, the surface of which was washed but not sterilized prior to DNA extraction, the exact location of these taxa remains elusive.
Conclusions and outlook
The differences observed in our study between the expected and recovered community composition of protists reveals that the enormous diversity of paraphyletic protist taxa renders both absolute and relative quantification of soil protists impossible. Further, our results reveal that HTS data needs careful interpretation in determining protist community compositions. Ciliates are generally overrepresented in sequence numbers, while many amoeba and flagellate taxa are underrepresented or missing from sequence data. Especially very complex systems such as soils introduce other biases due to the presence of non-targeted taxa such as metazoa, but also fungi and plants. DNA from these taxa could alter the community of "free-living" protist taxa and introduce a range of other, potentially parasitic taxa. We here found a plethora of sequences assigned to protists other than those added that infiltrated the community estimates along with DNA extracted from common soil metazoa. Many of these taxa most closely resembled obligate parasites. These findings have major consequences for past and future soil HTS approaches that target soil protists. Soil protist taxa can clearly be separated into free-living taxa and those tightly associated with soil metazoa as potential parasites, but the ecological importance of especially the latter remains entirely unknown.
Future investigations should aim at deciphering metazoan species-specific parasites and how much parasites contribute to the actual diversity of "soil" protists, while functional studies should aim at deciphering the importance of parasites in structuring soil food webs and to act as potential human pathogens.
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This article is protected by copyright. All rights reserved. Table 2 : OTUs of potentially parasitic taxa with their taxonomic affinity, highest maximum identity (MI) with described taxa (underlined: uncultivated sequence in case of higher MI than described species), Accession numbers (#) of best BLASTn hit, identity of best BLASTn hit, reported host of best BLASTn hit and sequence # as well as relative abundances (rel. abu.) obtained. : Phylogenetic analysis on Amoebozoa including OTUs recovered in this study and sequences associated with those OTUs. In total, 67 sequences with 1,232 unambiguously aligned positions were used; the tree is unrooted; values higher than 50 for maximum likelihood analyses (left) and 0.50 for Bayesian analyses (right) are shown. Black circles indicate full support; bold: OTUs and respective amoebozoan genus added that were recovered in OTUs; underlined bold: OTUs and respective amoebozoan genera that were not included in the original pools; note: of the four added amoebozoan genera, Acanthamoeba was only recovered by one RevOTU. Table S1 : Number (#), percentage (%) of OTUs and % of sequences assigned to non-protist organisms. 
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communities with the forward primer (Fw) and their manual identified taxonomic classification; taxonomic classification assigned only to the deepest reliable level; Bit scores and % identity (% Id) with best match only to reliably assigned taxa without taking unknown or uncultivated sequences into account; Pot. Parasitic = Potential parasitic taxon. Table S3 : Detailed OTU table of all 18S rDNA sequences obtained (Seq #) from all three mock communities with the reverse primer (Rev) and their manual identified taxonomic classification; taxonomic classification assigned only to the deepest reliable level; Bit scores and % identity (% Id) with best match only to reliably assigned taxa without taking unknown or uncultivated sequences into account; Pot. Parasitic = Potential parasitic taxon. 
